Bone morphogenetic protein 1 (BMP1) is a metalloprotease that ventralises dorsal mesoderm when overexpressed in early Xenopus embryos. Here we show that Xenopus BMP1 blocks the dorsalising activity of chordin, but not noggin or DxBMPR, when coexpressed in the ventral marginal zone and degrades chordin protein in vitro. We also show that a dominant-negative mutation for XBMP1 (dnBMP1) dorsalises ventral mesoderm in vivo, and blocks degradation of chordin by both XBMP1 and Xolloid, a closely related Xenopus metalloprotease, in vitro. dnBMP1 does not dorsalise ventral mesoderm in UV-irradiated embryos, demonstrating that this activity is dependent upon a functional organiser ± the natural source of chordin in Xenopus gastrulae. Our results suggest that XBMP1 may regulate the availability of chordin during vertebrate embryogenesis. q
Introduction
Bone morphogenetic proteins (BMPs) typically form a subgroup of the transforming growth factor-b (TGF-b ) superfamily of cell signalling molecules that play important roles in early development (Hogan, 1996; Mehler et al., 1997; Dale and Jones, 1999) . They are thought to be responsible for specifying ventral and lateral fates in both the mesoderm and ectoderm of Xenopus gastrulae (HemmatiBrivanlou and Melton, 1997; Dale and Wardle, 1999) ; specifying ventral fates (e.g. blood and epidermis) at high concentrations, lateral fates (e.g. muscle and placodes) at lower concentrations, and dorsal fates (e.g. notochord and neural tissue) in the absence of BMP signalling (Dosch et al., 1997; Wilson et al., 1997; Dale and Wardle, 1999) . During gastrula stages, expression of bmp4 is gradually lost from both dorsal mesoderm, also known as the organiser, and dorsal ectoderm (Fainsod et al., 1994; HemmatiBrivanlou and Thomsen, 1995; Schmidt et al., 1995) , and injection of bmp4 mRNA into dorsal blastomeres leads to complete ventralisation of the embryo (Dale et al., 1992; Jones et al., 1992) . In contrast, injection of mRNAs for the organiser-speci®c genes chordin, noggin, follistatin, and cerberus dorsalises Xenopus embryos and all four genes encode inhibitory binding proteins for BMP2 and BMP4 (Piccolo et al., 1996; Zimmerman et al., 1996; Fainsod et al., 1997; Hsu et al., 1998; Iemura et al., 1998; Piccolo et al., 1999) . These proteins may diffuse from the organiser into adjacent sectors of the embryo, thereby establishing the gradient of BMP4 activity responsible for specifying lateral and ventral fates (Dosch et al., 1997; Jones and Smith, 1998; Dale and Wardle, 1999) .
While most BMPs are members of the TGF-b superfamily, BMP1 is a metalloprotease belonging to the tolloid (Tld) subgroup of the astacin family (Wozney et al., 1988; Bond and Beynon, 1995) . This subgroup also includes Drosophila Tld and Tld-related 1 (also known as tolkin), sea urchin BMP1 and SpAN/BP10, Aplysia Tld/BMP1-like, zebra®sh Tld (zTld), Xenopus xolloid (Xld), and murine Tld-like (Shimell et al., 1991; LePage et al., 1992; Reynolds et al., 1992; Hwang et al., 1994; Nguyen et al., 1994; Finelli et al., 1995; Takahara et al., 1996; Blader et al., 1997; Liu et al., 1997; Goodman et al., 1998) . In addition to the metalloprotease domain, the de®ning feature of this subgroup is an extended COOH-terminus composed of a variable number of CUB and EGF repeats. BMP1 is identical to procollagen C-proteinase (Kessler et al., 1996; Li et al., 1996) , an enzyme responsible for cleaving the COOH-terminal peptide from type I±III procollagens (Hojima et al., 1985; Kessler et al., 1986) , the NH 2 -terminal peptide from Type V procollagen (Imamura et al., 1998) , and for activating prolysyl oxidase (Panchenko et al., 1996) . Thus BMP1 plays an important role in the formation of collagen ®bres and a lossof-function mutation in the mouse bmp1 gene disrupts the normal processing and deposition of type I collagen . Homozygous mutant embryos also have a persistent herniation of the gut and reduced ossi®cation of the frontal, parietal, and interparietal bones of the skull, although the remaining skeleton appears normal. However, this does not preclude a wider role for BMP1, which may have many target proteins, since the presence of a closely related metalloprotease, mammalian tolloid-like , may compensate for the loss of BMP1 activity.
Transcripts for xbmp1 and xld are uniformly expressed in Xenopus gastrulae, and injection of xbmp1 or xld mRNA leads to partial ventralisation of the dorsal axis. The resulting embryos typically lack a notochord and anterior head structures (Piccolo et al., 1997; Goodman et al., 1998) . This phenotype is similar to that obtained following injection of low concentrations of bmp4 mRNA (Dale et al., 1992) and the ventralising activity of both XBMP1 and Xld can be blocked by coinjection of mRNA for a dominant-negative receptor for BMP2 and BMP4 (Goodman et al., 1998) . In contrast, dominant-negative Xld dorsalises injected Xenopus embryos, which have enlarged heads and cement glands (Piccolo et al., 1997) . Xld was shown to block the dorsal axis inducing ability of coexpressed chordin, but not noggin or follistatin, and to degrade chordin protein in vitro (Piccolo et al., 1997) . As a consequence Xld releases BMP4/7 heterodimers from inactive complexes with chordin. Similar results have also been obtained for zebra®sh tolloid (zTld); injection of ztld mRNA partially ventralises zebra®sh embryos and zTld degrades Xenopus chordin in vitro (Blader et al., 1997) . The phenotype of ztld injected embryos is remarkably similar to that caused by a nullmutation in the zebra®sh chordin gene (Schulte-Merker et al., 1997) , suggesting that the main function of zTld is to regulate chordin activity. Moreover, Drosophila Tld degrades short gastrulation (Sog), a homologue of chordin, and blocks the dorsalising activity of both coinjected sog and chordin in early Xenopus embryos (Marque Âs et al., 1997) . The results suggest that a major function of Tldrelated metalloproteases, is to regulate BMP2 and BMP4 signalling by controlling the availability of chordin (reviewed by Dale and Wardle, 1999) .
Since the ventralising activity of XBMP1 is also blocked by a dominant-negative receptor for BMP2 and BMP4 (Goodman et al., 1998) , we wondered whether this metalloprotease might also regulate the activity of extracellular inhibitors of these growth factors. Here we show that XBMP1 blocks the dorsalising activity of coexpressed chordin in a ventral marginal zone assay, but does not block the dorsalising activity of coexpressed noggin. Moreover, we show that XBMP1 degrades chordin protein in vitro. Our results demonstrate that the activity of XBMP1 is indistinguishable from that of Xld, at least within the assays employed here. In addition, we have generated dominantnegative mutations for both XBMP1 and Xld that block the ability of both proteases to degrade chordin in vitro. Overexpression of dominant-negative XBMP1, and to a lesser extent dominant-negative Xld, in early Xenopus embryos dorsalises both ventral mesoderm and ventral ectoderm, consistent with a role for these metalloproteases in regulating the activity of BMP4 in vivo. However, dominant-negative XBMP1 does not dorsalise ventral mesoderm in UVirradiated embryos, suggesting that a functional organiser is required for its dorsalising activity.
Results

XBMP1 inactivates chordin
Previous studies have shown that XBMP1 and Xld have a similar ventralising activity when overexpressed in Xenopus embryos, an activity that can be blocked by coexpressing DXBMPR, a dominant-negative receptor for BMP2 and BMP4 (Goodman et al., 1998) . XBMP1 may therefore ventralise embryos by inactivating the dorsalising signal chordin, as already shown for Xld (Piccolo et al., 1997) . To test this, we have used a ventral marginal zone (VMZ) assay in which inhibitors of BMP signalling dorsalise ventral mesoderm (Fig. 1A ). Embryos were coinjected at the two cell stage with 1 ng of xbmp1 mRNA and either 1 ng of chordin mRNA, 50 pg of noggin mRNA or 1 ng of Dxbmpr mRNA. For comparison, identical experiments were also performed with 1 ng of xld mRNA. VMZs were isolated from early gastrulae (stage 10.5) and incubated until sibling control embryos had reached an early tailbud stage (stage 26/27), when they were analysed for the expression of muscle-speci®c a -actin by RNase protection analysis. Our results show that XBMP1 has a similar activity to Xld, blocking the dorsalising activity of coexpressed chordin, as shown by a signi®cant decrease in the expression levels of a -actin (Fig. 1A , tracks 7 and 10), but not coexpressed noggin (Fig. 1A , tracks 8 and 11) or DxBMPR (Fig.  1A , tracks 9 and 12). These results corroborate and extend those of Piccolo et al. (1997) , demonstrating that XBMP1, as well as Xld, inactivates coexpressed chordin in vivo.
To test whether XBMP1 inactivates chordin by proteolysis we injected Xenopus oocytes with 2.5 ng of xbmp1 mRNA and collected conditioned media after 48 h incubation. For comparison, we also collected conditioned media from oocytes injected with 2.5 ng of xld mRNA. Myctagged Xenopus chordin was incubated with the conditioned media for up to 16 h and analysed by Western blot with antimyc antibodies. Chordin was unaffected by incubation with conditioned media from uninjected oocytes (Fig. 1B, track 2), but was degraded by conditioned media from xbmp1 or xld injected oocytes (Fig. 1B , tracks 4 and 6). Degradation was blocked by incubation with 5 mM 1,10-phenanthroline, an inhibitor of zinc metalloproteases (Fig. 1B , tracks 5 and 7). The results con®rm previous ®ndings that Xld degrades chordin in vitro (Piccolo et al., 1997) and extends this conclusion to XBMP1. Moreover, they suggest that XBMP1, like Xld, ventralises dorsal mesoderm by degrading chordin, thereby increasing the activity of ventralising factors such as BMP2 and BMP4.
Dominant-negative XBMP1 and Xld dorsalise ventral mesoderm
To further analyse the role of XBMP1 in early Xenopus embryos, we made a construct for XBMP1 (dnBMP1) in which the C-terminal CUB and EGF domains were fused to the signal sequence of XBMP1 ( Fig. 2A) . For comparison, we also made a similar construct for Xld (dnXld). Since CUB and EGF domains are thought to be responsible for directing these proteases to their substrates (Bond and Beynon, 1995) , we anticipated that dnBMP1 and dnXld would act as dominant inhibitors of their respective proteases. To check that dnBMP1 and dnXld are secreted, we also made constructs in which six myc-tags were added to the C-terminus and injected them into Xenopus oocytes. Oocytes and culture media were collected after 24 h and proteins analysed by Western blots. In contrast to XBMP1 and Xld, which are secreted with equal ef®ciency (Goodman et al., 1998) , we detected signi®cantly more dnBMP1 protein in oocyte conditioned media than dnXld (Fig. 2B , tracks 2 and 4). This is not a result of differences in translation of injected mRNA since similar levels of dnBMP1 and dnXld were detected in oocyte extracts (Fig. 2B, tracks 1 and 3 ). To con®rm that dnBMP1 and dnXld do indeed antagonise the activity of the wild-type proteases, we performed in vitro experiments with myctagged chordin as a substrate. Our results showed that dnBMP1 blocks the degradation of chordin by both XBMP1 and Xld (Fig. 2C , tracks 3 and 6), indicating that this truncated protein effectively competes with the wildtype proteases. An identical result was obtained for dnXld ( Fig. 2C , tracks 4 and 7), demonstrating a lack of speci®city with respect to the proteases inhibited. As a consequence, the phenotypes described below are likely to result from inhibition of both proteases.
We next injected 1.6 ng of either dnBMP1 or dnxld mRNA into each blastomere at the two cell stage. Up to 20% of injected embryos had an enlarged head and cement gland (data not shown), a phenotype similar to that previously described for a dominant-negative point mutation of Xld (Piccolo et al., 1997) . Localising injected dnBMP1 mRNA, but not dnxld mRNA, to ventral blastomeres at the four cell stage caused up to 50% of embryos to develop secondary axes. For the most part these secondary axes lacked head structures ( Fig. 3B ) and a notochord, but in some cases (10%) a secondary head and notochord were obtained (Fig. 3C ,D,F). Injected embryos were also analysed at gastrula stages by whole mount in situ hybridisation, using probes for chordin, a marker for dorsal mesoderm (Sasai et al., 1994) , xmyf5, a marker for dorsal-lateral mesoderm (Dosch et al., 1997) , and xwnt8, a marker for lateral and ventral mesoderm (Christian et al., 1991) . dnBMP1 reduced expression of xwnt8 ( Fig. 3L ) and induced ventral expression of xmyf5 (Fig. 3K ) in most embryos, and in a few embryos (2/12) ventral expression of chordin (Fig.  3J ). In contrast, dnXld had no discernible effect on the expression of these genes.
We next tested the activity of dnBMP1 and dnXld in isolated VMZs. A total of 3 ng of either dnbmp1 or dnxld mRNA was injected into ventral blastomeres at the four cell stage and VMZs were isolated from early gastrulae and incubated until sibling control embryos had reached stage 40. VMZs were then analysed by histology and whereas control VMZs differentiated ventral mesoderm consisting of blood, mesothelium and mesenchyme (Fig. 4A ), all dnbmp1 injected VMZs (Fig. 4B ) and 35% of dnxld injected VMZs differentiated dorsal mesoderm (Fig. 4C) . dnbmp1 injected VMZs differentiated muscle (54% of cases), notochord (54% of cases) and neural tissue (62% of cases), while dorsalised dnxld injected VMZs differentiated muscle but not notochord or neural tissue. Dorsalisation was con®rmed by RNase protection analysis on stage 26 VMZs using probes for muscle-speci®c a -actin and blood-speci®c aglobin (Fig. 4D) . The results show that dnBMP1 and dnXld induce expression of a -actin, while dnBMP1, but not dnXld, represses expression of a-globin. If these dominant-negatives dorsalise ventral mesoderm by inhibiting XBMP1 and Xld we would anticipate that dorsalisation would be blocked by coexpressing an excess of these proteases. We therefore injected 250 pg of either dnbmp1 or dnxld mRNA with 750 pg of either xbmp1 or xld mRNA into each ventral blastomere at the four cell stage, and isolated VMZs from early gastrulae. RNase protection analysis of a -actin expression at stage 26 con®rmed that the dorsalising activity of dnBMP1 and dnXld was blocked by coexpressing a 3-fold excess of either XBMP1 or Xld (Fig. 4E ). Our results demonstrate that dominant-negative inhibitors of Tld-related metalloproteases dorsalise ventral mesoderm, consistent with a role in dorsoventral patterning during gastrula stages.
Dominant-negative XBMP1 dorsalises animal caps
Since dnBMP1, and to lesser extent dnXld, can mimic the effect of BMP inhibitors on ventral mesoderm, we next asked whether they could neuralise ventral ectoderm. To test this we injected 1.6 ng of either dnbmp1 or dnxld mRNAs into each blastomere at the two cell stage and Fig. 2 . Dominant-negative XBMP1 and Xld. (A) Schematic diagrams illustrating the structure of XBMP1, dnBMP1, Xld, and dnXld. Dominant-negative mutations were made by fusing the C-terminal CUB and EGF domains to the signal sequence of XBMP1, thereby deleting the proregion and metalloprotease domains. (B) dnBMP1 and dnXld are secreted. Western blot analysis of myc-tagged dnBMP1 (lanes 1 and 2) and dnXld (lanes 3 and 4) in Xenopus oocytes (o) and culture media (m). Oocytes were injected with 30 ng of either dnbmp1.mt or dnxld.mt mRNA and incubated for 24 h. The equivalent of two oocytes of cell extract and the culture medium for two oocytes were analysed by Western blot using the 9E10 (anti-myc) antibody. Both proteins are secreted by the oocyte, although dnBMP1 is secreted more ef®ciently than dnXld (compare tracks 2 and 4). (C) dnBMP1 and dnXld block degradation of chordin by XBMP1 and Xld. Western blot analysis of myc-tagged chordin incubated with oocyte conditioned medium: lane 1, control medium, from uninjected oocytes, does not degrade chordin; lane 2, XBMP1 conditioned medium degrades chordin; lane 3, dnBMP1 conditioned medium blocks the degradation of chordin by XBMP1; lane 4, dnXld conditioned medium blocks the degradation of chordin by XBMP1; lane 5, Xld conditioned medium degrades chordin; lane 3, dnBMP1 conditioned medium blocks the degradation of chordin by Xld; lane 4, dnXld conditioned medium blocks the degradation of chordin by Xld. isolated animal caps from early gastrulae. These were incubated until early tailbud stages (stage 26±28) and analysed by whole mount in situ hybridisation with probes for nrp1, a neural marker (Knecht et al., 1995) , and xa1, a marker for both the cement gland and hatching gland (Sive and Bradley, 1996) . Although the results were variable, in some experiments a high proportion of dnbmp1 injected animal caps (e.g. 17/20) expressed xa1 (Fig. 5E ), while fewer caps (e.g. 3/30) expressed nrp1 (Fig. 5B) . In contrast, xa1 expression was only seen in a small number (e.g. 3/20) of dnxld injected animal caps (Fig. 5F ) and nrp1 expression was never seen (0/21; Fig. 5C ). The absence of muscle-speci®c a -actin expression in these caps (data not shown) indicates that they do not differentiate dorsal mesoderm, suggesting that cement/hatching glands and neural tissue were induced directly by these dominant-negatives.
Dominant-negative XBMP1 does not dorsalise UVirradiated embryos
If dnBMP1 dorsalises ventral mesoderm by protecting chordin from degradation by endogenous proteases, we would expect it to have no effect on embryos lacking the organiser. One way of generating Xenopus embryos lacking the Spemann organiser is to UV-irradiate the vegetal pole of newly fertilised eggs, which blocks the cortical rotation necessary for the formation of the organiser in late blastulae (Gerhart et al., 1989) . As a consequence UV-irradiated embryos fail to express organiser-speci®c genes such as chordin (Sasai et al., 1994) . Dorsalising signals, including inhibitors of BMP-like growth factors, rescue these embryos by inducing formation of dorsal mesoderm. To test whether dnBMP1 can also rescue UV-irradiated embryos we injected 1 ng of dnbmp1 mRNA into a single blastomere at the four cell stage. At early tailbud stages UV-irradiated embryos injected with dnbmp1 mRNA were morphologically indistinguishable from uninjected controls, lacking a head and dorsal axial structures (Fig. 6A,B) . When analysed histologically, notochord or muscle differentiation was rarely observed, most of the mesoderm looking ventral in character (Fig. 6C,D) . RNase protection analysis showed no increase in a -actin expression in dnbmp1 injected embryos when compared to UV-irradiated controls, thus con®rming the failure of dnBMP1 to dorsalise these embryos (Fig. 6E) .
We have also used whole mount in situ hybridisation to compare the effect of dnBMP1 on the expression of chordin, xmyf5 and xwnt8 in UV-irradiated gastrulae (Fig. 7) . One nanogram of dnbmp1 mRNA was injected into a single blastomere at the four cell stage, either randomly (UV-irradiated embryos) or into a ventral blastomere. When dnbmp1 mRNA was injected into unirradiated embryos, expression of chordin and xmyf5 was expanded into lateral and ventral sectors of the marginal zone respectively (Fig. 7A,B ,E,F). Xwnt8 expression was either signi®cantly reduced in the ventral marginal zone or lost from lateral sectors of the marginal zone (Fig. 7I,J) , the result probably being dependent upon the site of mRNA injection. As expected, UVirradiation eliminated expression of both chordin (Fig. 7C ) and xmyf5 (Fig. 7G) , and radialised expression of xwnt8 (Fig. 7K) . Injection of dnbmp1 mRNA did not induce expression of either chordin (Fig. 7D) or xmyf5 (Fig. 7H) , nor reduce expression of xwnt8 (Fig. 7L) , in UV-irradiated embryos. Our results demonstrate that the dorsalising activity of dnBMP1 is dependent upon the Spemann organiser, consistent with it protecting organiser signals such as chordin from degradation by endogenous Tld-related metalloproteases.
Discussion
In this paper, we have shown that Xenopus BMP1 blocks the dorsalising activity of chordin when coexpressed in VMZs isolated from early Xenopus gastrulae, but has no , and dnxld injected (C) embryos. 1.5 ng of mRNA was injected into each ventral blastomere at the four cell stage, VMZs were isolated at stage 10.5 and cultured until sibling controls had reached stage 40. Control VMZs (A) always differentiated ventral-type mesoderm (mesenchyme and blood) with a¯uid ®lled vesicle (v), while dnbmp1 injected VMZs (B) always differentiated dorsal-type mesoderm, such as notochord (no) and muscle, and in some cases neural tissue (nt). Most dnxld injected VMZs differentiated ventral-type mesoderm, but 35% (C) differentiated muscle (mu). (D) RNase protection analysis con®rmed that injected VMZs were dorsalised. Total RNA from stage 26 VMZs was hybridised with probes for either muscle-speci®c a -actin (m-actin) or blood-speci®c a T4-globin mRNAs. The a-actin probe also detects cytoskeletal-actin (c-actin) mRNA, which acts as a loading control, while levels of ornithine decarboxylase (ODC) mRNA were determined as a loading control for aT4-globin. Lane 1, uninjected VMZs express aT4-globin mRNA but not a-actin mRNA; lane 2, dnBMP1 injected VMZs express a-actin mRNA but not aT4-globin mRNA; lane 3, dnxld injected VMZs express both a-actin and a-globin mRNAs. (E) RNase protection analysis shows that the dorsalising activity of dnBMP1 and dnXld is blocked by an excess of either XBMP1 or Xld. 250 pg of either dnbmp1 or dnxld mRNAs were injected into both ventral blastomeres at the four cell stage, both alone and in combination with 750 pg of either xbmp1 or xld mRNAs. VMZs were isolated at stage 10 and incubated until stage 26, when total RNA was prepared and hybridised with a probe for a-actin. Lane 1, control VMZs; lane 2, dnbmp1 injected VMZs; lane 3, dnbmp1 and xbmp1 coinjected VMZs; lane 4, dnbmp1 and xld coinjected VMZs; lane 5, dnxld injected VMZs; lane 6, dnxld and xbmp1 coinjected VMZs; lane 7, dnxld and xld coinjected VMZs.
effect on the dorsalising activity of noggin or a dominantnegative receptor for BMP2 and BMP4. The simplest interpretation of this result is that XBMP1 degrades chordin, as previously shown for the closely related metalloproteases Xld (Piccolo et al., 1997) and zebra®sh Tld (Blader et al., 1997) . This was con®rmed by showing that conditioned media for xbmp1 injected Xenopus oocytes degrades chordin in vitro, the ®rst demonstration that BMP1 proteolytically cleaves a protein not involved in the assembly of collagen ®bres. These results provide an explanation for our previous observations that injection of xbmp1 mRNA into early Xenopus embryos ventralises dorsal mesoderm, and that ventralisation is blocked by a dominant-negative receptor for BMP2 and BMP4 (Goodman et al., 1998) . Since chordin directly binds and inhibits BMP2 and BMP4 (Piccolo et al., 1996) , degradation of chordin by XBMP1 should increase the activity of these ventralising signals. Identical results were also obtained for Xld and a previous study showed that degradation of chordin by this metalloprotease released active BMP4/7 heterodimers (Piccolo et al., 1997) .
Our previous study had shown that Xenopus embryos are only weakly ventralised by injection of xbmp1 mRNA, injected embryos typically lacking only head structures and a notochord (Goodman et al., 1998) . This phenotype is similar to that of zebra®sh embryos homozygous for a null-mutation (dino/chordino) in the chordin gene (Hammerschmidt et al., 1996 ; Schulte-Merker et al., (E) RNase protection analysis con®rmed that UV-irradiated embryos were not dorsalised by dnBMP1. Lane 1, control embryos express high levels of a-actin mRNA; lane 2, UV-irradiated embryos express low levels of aactin mRNA; lane 3, UV-irradiated embryos injected with 1.5 ng of dnBMP1 mRNA express low levels of a-actin mRNA. 1997), as well as zebra®sh embryos injected with ztld mRNA (Blader et al., 1997) , suggesting that chordin may be the main substrate for XBMP1 during gastrula stages. The failure of XBMP1 to completely ventralise dorsal mesoderm may re¯ect the inability of this protease to block the dorsalising activity of noggin. Noggin could compensate for the loss of chordin in xbmp1 injected embryos, allowing the differentiation of some dorsal structures. This explanation may also be applied to the weakly ventralised phenotype of xld injected embryos (Piccolo et al., 1997; Goodman et al., 1998) . We have recently shown that SpAN, a sea urchin metalloprotease closely related to BMP1 and Xld (Reynolds et al., 1992) , completely ventralises Xenopus embryos when injected at early cleavage stages, and blocks the dorsalising activity of both chordin and noggin in a VMZ assay identical to that utilised in this study (Wardle et al., 1999) . This suggests that additional dorsalising factors, including noggin, may indeed compensate for the loss of chordin in xbmp1 and xld injected embryos.
To further test the role of XBMP1 and Xld in early Xenopus development we made dominant-negative mutations by fusing the C-terminal CUB and EGF repeats to the signal sequence of XBMP1, thereby deleting the proregion and metalloprotease domain. CUB repeats were ®rst identi®ed in the complement serine proteases C1r and C1s, where two CUB repeats¯anking an EGF repeat comprise the N-terminal portion of each protease (Journet and Tosi, 1986; Mackinnon et al., 1987) . This portion of C1r and C1s has been shown to mediate calcium-dependent tetrameric complex formation between two molecules of C1r and two molecules of C1s, as well as the association of these proteases with C1q to form the mature C1 complex Ingham, 1988, 1990) . Moreover, there is evidence that the N-terminal portion of C1s will block the incorporation of fulllength C1s into these complexes (Busby and Ingham, 1988) . We therefore reasoned that the C-terminal CUB and EGF repeats of XBMP1 and Xld should compete with the full-length proteases for their substrates, and con®rmed this by showing that dnBMP1 and dnXld blocked the cleavage of chordin in vitro by both BMP1 and Xld. The lack of speci®city that we observe may re¯ect the close sequence homology between the CUB and EGF repeats of XBMP1 and Xld, and indicates that they probably interact with similar sequences in chordin.
We anticipated that expression of dnBMP1 and dnXld in early Xenopus embryos should protect chordin from cleavage by endogenous XBMP1 and Xld, thereby lowering the active concentration of BMP4. This in turn should lead to hyperdorsalised embryos with enlarged heads and such a phenotype was reported for a dominant-negative point mutation of Xld (Piccolo et al., 1997) . Although hyperdorsalised embryos were obtained for dnBMP1 and dnXld in this study, the frequency (20% of injected embryos) was lower than that obtained by Piccolo et al. for dnXld (76% of injected embryos). This may indicate that the point mutation used by Piccolo et al. is a more ef®cient inhibitor of these metalloproteases, or re¯ect the fact that they injected all four blastomeres at the four cell stage ± presumably leading to a more even distribution of the injected mRNA than in our study. Dramatic results were obtained when dnbmp1 was injected into a single ventral blastomere at the four cell stage, with up to 50% of dnbmp1 injected embryos having a second dorsal axis. In contrast, secondary axes were rarely observed following ventral injections of dnxld, a difference that may be explained by our observation that dnBMP1 is secreted more ef®ciently than dnXld. The formation of secondary axes in dnbmp1 injected embryos is consistent with inhibition of BMP signalling on the ventral side of the embryo (Graff et al., 1994; Suzuki et al., 1994) . Ventral injection of dnbmp1 also induced ectopic chordin expression on the ventral side of early gastrulae, at a frequency similar to that of secondary axes in dnbmp1 injected siblings that were allowed to develop until tailbud stages. This suggests that secondary axes probably result from the combined effects of inhibiting chordin degradation and inducing chordin expression on the ventral side of the embryo. Most dnBMP1 induced secondary axes (23/31) were only partial, lacking head structures and a notochord, but 26% (8/31) also contained heads. The induction of complete secondary axes was unexpected, since inhibition of BMP signalling is generally thought to be insuf®cient to generate structures anterior to the hindbrain (Lemaire and Kodjabachian, 1996) . Recent experiments suggest that head formation requires inhibition of both the nodal and Wnt signalling pathways in addition to that of BMP4 (Glinka et al., 1997; Piccolo et al., 1999) , indicating that Tldrelated metalloproteases may also regulate these signalling pathways. Consistent with this, we ®nd that dnBMP1 downregulates expression of xwnt8 in the ventral marginal zone of injected gastrulae. The combined effect of chordin misexpression and downregulation of xwnt8 expression could contribute to the formation of complete secondary axes.
We have shown that dnBMP1 can strongly dorsalise VMZs, and weakly dorsalise animal caps, isolated from injected early gastrulae, but does not dorsalise embryos ventralised by UV-irradiation of the vegetal pole. UV-irradiation blocks the cortical rotation that ultimately leads to the formation of the Spemann organiser in the dorsal marginal zone (reviewed by Gerhart et al., 1989) and the failure of dnBMP1 to dorsalise these embryos demonstrates a role for organiser signals in this process. The relevant dorsalising factor is most likely chordin, since we have shown that dnBMP1 protects this secreted protein from degradation by XBMP1 and Xld. We assume that chordin can diffuse into adjacent sectors of the embryo and that its range is limited by the proteolytic activity of XBMP1 and Xld. In the absence of this proteolytic activity, chordin can diffuse into the VMZ and animal cap where it dorsalises by inhibiting BMP signalling. Since we can detect chordin expression in whole embryos no more than 2 h prior to isolating VMZs (data not shown), diffusion of chordin would have to be very rapid. There is currently no direct evidence that chordin can diffuse in the embryo, but a recent study has shown that it can act non-autonomously in conjugates between chordin injected animal caps and VMZs (Jones and Smith, 1998) . Chordin activated xmyf5 expression in conjugated ventral mesoderm in as little as 3 h, consistent with rapid diffusion and inactivation of BMP4. However, high concentrations of injected chordin mRNA were required to demonstrate these non-autonomous effects, perhaps to ensure suf®cient chordin to overcome degradation by XBMP1 and Xld. Recent studies in Drosophila have also shown that Sog, the Drosophila homologue of chordin, has long-range effects on Dpp signalling (Ashe and Levine, 1999) . Although diffusion of Sog was not directly demonstrated, long-range effects were not observed when Sog was tethered to the plasma membrane suggesting that it is capable of diffusion.
The dorsalised phenotype of dnbmp1 injected Xenopus embryos contrasts with the phenotype of mouse embryos homozygous for a null mutation in the bmp1 gene. No dorsoventral patterning defects were observed in these embryos, the most obvious phenotypes being a persistent herniation of the gut and reduced ossi®cation of the frontal, parietal, and interparietal bones of the skull . Biochemical analyses demonstrated reduced procollagen processing in homozygous embryos, consistent with the role of BMP1 as a procollagen C-proteinase (Kessler et al., 1996; Li et al., 1996) . While the different phenotypes might re¯ect different functions for BMP1 in early frog and mouse embryos, it is more likely a consequence of the lack of speci®city associated with inhibition of gene function by dnBMP1. Mice homozygous for a mutation in the bmp1 gene lack only BMP1 function, and to a certain extent this may be compensated for by closely related metalloproteases such as Tld-like . In contrast, dnBMP1 blocks the activity of both XBMP1 and Xld, and probably other members of the Tld family yet to be described. The dorsalised phenotype may therefore represent the loss of activity of several closely related gene products.
In conclusion, our results suggest that XBMP1 and/or Xld normally act to curtail the diffusion of chordin from the organiser into adjacent sectors of the Xenopus gastrula. In the presence of a dominant-negative inhibitor of these proteases, chordin can diffuse to a greater extent, thereby inhibiting BMP activity in ventral sectors of the embryo. Mathematical models suggest that stable concentration gradients of diffusible substances can be established by combining a localised source with a dispersed sink that removes these substances from the embryo (e.g. see Slack, 1991) . We suggest that uniformly expressed metalloproteases such as XBMP1 and Xld act as a dispersed sink for chordin, allowing the formation of a stable concentration gradient with the highest levels of chordin in the organiser. This in turn establishes an activity gradient of the ventralising morphogen BMP4, with the highest levels of activity in the ventral marginal zone (Dosch et al., 1997) .
Experimental procedures
Embryos and oocytes
Xenopus laevis embryos were obtained by arti®cial fertilisation and dejellied with 2% cysteine hydrochloride. Embryos were injected with 10±15 nl of synthetic mRNA (see text for amounts) at the two to four cell stage and incubated in 10% MBS (MBS 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 15 mM HEPES, 0.3 mM CaNO 3 , 0.4 mM CaCl 2 , 0.8 mM MgSO 4 , pH 7.6) plus 4% Ficoll (Sigma, Type 400). In some cases embryos were ventralised by irradiating the vegetal pole with a UV transilluminator 30 min after fertilisation (Kao and Danilchik, 1991) . Embryo fragments were isolated at stage 10 ( Nieuwkoop and Faber, 1967) and incubated in full-strength MBS until the required stage of development. Histology was performed as described by Goodman et al. (1998) . Fully grown Xenopus oocytes were injected with 20±30 nl of mRNA (1 mg/ml) and incubated in 96 multiwell plates, ®ve oocytes per well, in 50 ml of MBS plus 5% foetal calf serum (Colman, 1984) . Medium was collected after 24 h incubation from wells containing healthy oocytes and stored at 2708C.
DNA constructs
DNA templates used for in vitro transcriptions were: (A) pSP64T XBMP1 (Goodman et al., 1998) 
. (B) CS2
1 Xld (Piccolo et al., 1997) . (C) pSP64T DxBMPR . (D) pSP35 chordin (Sasai et al., 1994) . (E) pSP64T Noggin (Wardle et al., 1999) . (F) CS2 1 dnBMP1 ± PCR was used to introduce an EcoR1 site at nucleotides 927±932 of xbmp1 and 3 H sequence ligated to the EcoR1 site at nucleotides 81±86 of xbmp1, thereby deleting coding sequence for both the proregion and metalloprotease domains ( Fig. 2A) . This construct was subcloned into the BamH1±Xba1 sites of the transcription vector CS2
. (G) CS2
1 dnBMP1-MT ± Six myc-tags were added to the Cterminus of dnBMP1 by replacing an Sst1±Xba1 fragment of CS2 1 dnBMP1 with an Sst1±Xba1 fragment of XBMP1-MT (Goodman et al., 1998) 
. (H) CS2
1 dnXld ± PCR was used to introduce an EcoR1 site at nucleotides 1141±1146 of xld and 3 H sequence ligated to the EcoR1 site at nucleotides 81±86 of xbmp1, thereby deleting coding sequence for both the proregion and metalloprotease domains ( Fig. 2A) . This construct was subcloned into the BamH1±Xba1 sites of the transcription vector CS2
. (I) CS2
1 dnXld-MT ± Six myctags were added to the C-terminus of dnXld by replacing an Sph1±Xba1 fragment of CS2 1 dnXld with an Sph1±Xba1 fragment of CS2
1 Xld-MT (Goodman et al., 1998) . All PCRs were performed with cloned pfu polymerase (Strategene). Capped synthetic mRNAs were transcribed with SP6 polymerase (Promega) and taken up in sterile RNase free water.
RNA analysis
RNase protections were performed using probes for muscle-speci®c a -actin, blood-speci®c a-T4globin, and ornithine decarboxylase, as described by Goodman et al. (1998) . Total RNA was isolated from an equivalent number of embryos or ventral marginal zones, hybridised in 50% formamide/PIPEs buffer, digested with 700 units/ml of RNase T1 (GIBCO-BRL) and separated on polyacrylamide gels. Whole mount in situ hybridisations were performed with DIG-labelled antisense probes for chordin, xmyf5, and xwnt8 as described by Goodman et al. (1998) .
Protein analysis
Approximately 5 ng of chordin-myc protein derived from baculovirus (Piccolo et al., 1997) was incubated for 16 h at 308C with 10 ml of oocyte conditioned media for either XBMP1 or Xld. In some cases digestions were carried out in the presence of 5 mM 1,10-phenanthroline (Sigma), an inhibitor of zinc metalloproteases, or conditioned media for either dnBMP1 or dnXld. Protein samples were separated by SDS-PAGE, under reducing conditions, on 4±20% MiniProtean II gradient gels (BioRad) and electroblotted onto Nylon membranes (Amersham). Myc-tagged chordin was detected by ECL according to the manufacturer's instructions (Amersham), using 9E10 monoclonal antibodies (kindly provided by Kate Nobes).
